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Abstract 
An appropriate amount of polypropylene fibre (PF) content is generally able to compensate 
for the low compressive strength of the recycled aggregate concrete. This mechanical 
strength is required to reliably estimate at the building site using partially and non-destructive 
testing methods. Therefore, in the present study, the compressive strength of concrete with PF 
at 0.1% by volume and different replacement levels of recycled coarse aggregate (RCA) was 
assessed using point load test (PLT) and Schmidt rebound hammer. According to the results, 
the sensitivity of the core specimens to the concentrated point load and the short size of PF in 
the failure zone of the PLT caused to appear a difference among the enhancement trends of 
PLI values by increasing the age. In addition, a two-variable equation between the rebound 
number and point load index (PLI) reliably predicted either strength of coarse natural 
concrete or recycled aggregate concrete or PRAC. 
 
Keywords: In-situ strength estimation; Recycled coarse aggregate; Polypropylene fibres; Point load 
test; Schmidt rebound hammer. 
 
1. Introduction 
Over the last decade, the estimation of the in-situ strength of specific types of concrete 
materials such as recycled aggregate concrete has drawn much attention from researchers 
owing to the difference between the manufacturing conditions of existing concrete at the 
construction sites and those of standard samples in the laboratory. Therefore, partially and non-
destructive testing methods have been proposed to estimate the on-site strength of concrete 




includes two concentrated point loads applied to the lateral surface of the core specimen. Due 
to the cheapness and portability of PLT’s apparatus, it can be easily utilized to estimate the on-
site strength of the core specimen without the need to be trimmed and capped after extracting 
from concrete elements [7-9]. For the strength estimation of concrete materials, PLT was first 
used by Robins [8], and then other researchers employed it at the building sites. Following this, 
Ishibashi et al. [10] demonstrated that the results of drilled core specimens with the L/D ratio 
of 2 were more reliable than those with other L/D ratios. Recently Madandoust et al. [9] 
demonstrated that the strength of coarse natural concrete could be realistically estimated using the 
correlation curves between PLT and the compression test. Furthermore, the in-situ strength 
estimation of concrete mixes by the PLT under wet curing regime was averagely obtained 
12% more than that under dry curing regime. Although this applicable non-destructive testing 
method has been extensively used for the strength estimation of conventional concrete, there 
is few research focusing on specific types of composite materials including fibre reinforced 
recycled aggregate concrete using the PLT. 
Another non-destructive testing method is the Schmidt rebound hammer test, which has 
been widely used in practice owing to its cheapness, smallness and portability [7, 11]. The 
rebound number as a scale index in the Schmidt hammer test can be employed for the 
strength estimation of concrete materials in precast works and the building site by the 
generation of correlation curves between the aforementioned number and the cube compressive 
strength [12]. The results given by Grieb [13] showed that the rebound number of concrete 
materials with a specific type of aggregate was different to that with the same type of 
aggregate, provided from another source, while the difference between the data of Schmidt 
hammer test at various locations of a concrete element was negligible as reported by Xu and 
Li [14]. In 2019, Kazemi et al. [3] combined the results of Schmidt rebound hammer with the 
core testing method to estimate the compressive strength of a limited number of concrete 
samples made by the partial replacement of natural aggregates with recycled coarse aggregate 
(RCA). As per the results, there was a strong correlation between Schmidt rebound hammer 
and the core testing method to reliably estimate the in-situ strength of concrete. They also 
demonstrated that the difference between the data of Schmidt rebound hammer and 
compression tests was found to be 10% at the most. Generally, it can be stated that the 
Schmidt rebound hammer as a reliably applicable testing method can be easily combined 
with other non-destructive testing methods to predict the in-situ strength of concrete 
materials. 




earth, which has significant adverse effects on the environment. The overexploitation of natural 
resources and environmental degradation can be unravelled by the substitution of natural 
aggregates with RCA in civil and construction engineering [15-23]. On the other hand, the 
mechanical properties of recycled aggregate concrete are lower than those of the normal 
aggregate concrete due to the weaker bonds of adhered old mortar to RCA with cement 
particles, leading to decreasing the compressive strength of recycled aggregate concrete as 
reported by Assaad et al. [24]. The low mechanical strength of RCA can be somewhat 
compensated by means of appropriate contents of additives such as polypropylene fibre (PF) 
in concrete materials [25-26]. For example, Matar and Assaad [27] showed that the 
simultaneous use of RCA and PF additions caused an increase in the segregation resistance of 
concrete mixtures. This was attributed to the coupled effect of the continuous network of 
inter-particles links in fibrous concrete together with greater relative water absorption of 
RCA that reduces the detrimental effects of free mixing water in fresh concrete. So, PF with a 
high strain-hardening response can be utilized to enhance the mechanical strength of recycled 
aggregate concrete. Regarding the appropriate amount of PF, in 2018, Das et al. [28] 
performed a microscopic study on recycled aggregate concrete containing PF at 0.5-1% by 
volume. According to the results, the old mortar, adhered to RCA, had higher air content, 
leading to decreasing the compressive strength of recycled aggregate concrete. In addition, 
the PF content somewhat bridged the micro-cracks. However, based on the microstructure 
analysis of concrete, the use of higher fibres volume caused to generate more voids between 
the PF and cement paste. Therefore, PF at 0.5-1% by volume decreased the compressive 
strength of recycled aggregate concrete. In 2019, another study by Madandoust et al. [29] 
demonstrated only 0.1% PF slightly improved the compressive strength of lightweight 
concrete. Similar results were also obtained by Fallah and Nematzadeh [30]. They 
demonstrated that the generation of the cohesion and bond between aggregates and cement 
particles due to the presence of PF in concrete mixes led to decreasing the slump value.  
Due to the difference between the compaction and curing conditions of existing concrete at 
the building site and those of standard samples in the laboratory [7], it is required to combine 
partially and non-destructive testing methods to reliably estimate the in-situ strength of 
concrete materials at the construction location without the need for the results of compression 
test in the laboratory. On the other hand, few studies have been conducted to predict the in-situ 
strength of specific types of concrete materials such as polypropylene fibre reinforced 
recycled aggregate concrete (PRAC) particularly by means of PLT and Schmidt rebound 




for the cheapness and portability of their apparatus [7], and there is an urgent need for 
predicting the in-situ strength of PRAC using partially and non-destructive testing methods. 
In this study, simple one-variable equations were developed by means of PLT and Schmidt 
rebound hammer to reliably determine the in-situ strength of polypropylene fibre reinforced 
concrete mixes prepared with 50% and 100% replacements of coarse natural aggregate with 
RCA. In addition, since the mechanical strength of concrete materials can be influenced by the 
curing regimes [31-32], all mixes were cured under both wet and dry curing regimes and the 
combination of the methods were utilized to obtain a reliable two-variable equation between 
the PLI and rebound number to reliably predict the in-situ strength of PRAC at early and old 
ages under different curing conditions. 
 
2. Experimental program 
2.1. Materials 
Type II Portland cement with moderate sulfate resistance property was used in this study. 
This type of cement has a density of 3155 kg/mଷ and the surface area of 3200 cmଶ/g. Table 1 
shows its chemical compositions. The density, water absorption, Los Angeles abrasion, and 
the maximum size of gravel were 2700 kg/mଷ, 1.4%, 26.7%, and 19 mm, respectively. The 
corresponding values for RCA (Fig. 1(a)) were found to be 2400 kg/mଷ 4.8%, 32.6%, and 19 
mm, respectively. The old mortar, adhered to RCA, mostly contained fine aggregate, hydrated, 
and unhydrated cement particles. Meanwhile, the density, water absorption and the size range 
of sand were 2700 kg/mଷ, 0.43%, and 0-4.75 mm, respectively. An appropriate 
superplasticizer, namely polycarboxylic ether-type was added to the mixes to attain the 
intended concrete workability suggested by other researchers [33, 34]. In addition, PF with 
the white colour was added to the mixes, as shown in Fig. 1(b). The length, diameter, bulk 
density, and tensile strength of PF content were equal to 12mm, 18µm, 0.91 gr cmଷൗ , and 400 
MPa, respectively. Fig. 2 shows the size grading curves of the aggregates and cement 
particles.  
 
2.2. Mix proportioning and sample preparation 




volume was added to 8 concrete mix designs. To make concrete mixes, the effective water/binder 
(W/B) ratios of 0.4 and 0.55 were used to assess the effects of high and low W/B ratios on the 
results of this study. A study by Ferreira et al. [35] showed that the slump values for concrete 
with different substitutions of coarse natural aggregate with RCA were in the range of 70 to 90 
mm. To achieve this range, concrete mix designs with a low W/B ratio (0.4) were made using 
superplasticizer to achieve appropriate workability for all mixes [28]. The experimental 
evaluations showed that the superplasticizer with a dosage of 0.8 kg/mଷ could be considered 
as an optimum value to attain the range given by Ferreira et al. [35].  The saturated surface-dry 
condition was introduced in all aggregates to avoid absorbing the free water, particularly by 
RCA. Concerning the optimum amount of PF content, Madandoust et al. [29] showed that the 
highest amount of compressive strength was obtained for the concrete with 0.1% PF. 
Therefore, concrete mixes were made with 0.1% PF in this study. 
For mix preparation, all fine and coarse aggregates were first blended for at least 30 seconds. 
Mixing continued for one more minute by introducing half of the water to the mixer. Cement was 
then added to the blended aggregates with tap water, and the mixer revolved for one more 
minute. To avoid clustering of the PF, this incorporation was intermittently introduced to the 
mixer, along with the remaining water and superplasticizer, and mixing went on for three more 
minutes. Finally, 10 cm cubes samples and concrete slabs were made and cast. 
The molds were covered with a wet sack and cured at 22 -24 °C for 24 hours. Later on, 
after removed from molds, the samples were kept under the lab condition (dry curing regime) 
until the time of testing. Under the wet curing regime, the demolded concrete samples were 
immersed in a water tank at 24 °C until the date of testing (i.e., 5, 7, 28, and 56 days). 
For each age and curing condition, three cubic specimens were used to obtain the results of 
cube testing. These specimens were exposed to the Schmidt rebound hammer test before 
putting in the compression testing machine. In the Schmidt rebound hammer test, the plunger 
was pressed forcefully and steadily against the cube specimen at right angles to its smooth 
surface, according to the BS 1881: Part 202 [36] and ASTM C805 [37]. Thereafter, the 
rebound number was recorded, while the hammer was still in the test position. In the PLT 
method, as recommended by Bungey et al. [7], the cylindrical specimen was broken, while it 
was exposed to an increasingly concentrated point load, applied through a pair of conical 
platens. In this test, the average number of three cylindrical specimens was drilled and 
extracted from slab samples at each age and curing condition. Therefore, the PLI values were 




diameter (L/D) ratio of core specimens were considered 70 mm and 2, respectively, as 
suggested by Ishibashi et al. [10]. It is noteworthy that the presence of steel bars in concrete 
slabs could affect the results of the PLT method, while the objective of this study was to 
assess the effect of PF content on the in-situ strength of recycled aggregate concrete. 
Therefore, the slab samples were considered to be unreinforced. 
 
3. Results and discussion 
3.1. Slump 
In this study, the slump values of concrete mixes were in the range of 66 to 75 mm, as 
presented in Table 3. This range was found to be between 70 to 90 mm for concrete with different 
substitutions of coarse natural aggregate with RCA as given by Ferreira et al. [35]. To obtain 
appropriate workability for all mixes, the superplasticizer was added to the concrete mixes 
with a low W/B ratio (0.4). That is why the slump values of concrete mixes with W/B ratio of 
0.4 were nearly the same as those concrete mixes with W/B ratio of 0.55. The high porosity 
of RCA, as well as high cohesion between PF and concrete matrix [28], led to decreasing 
slump values by increasing the amount of RCA and PF. 
 
3.2. Cube compressive strength 
Figs. 3 and 4 show the cube compressive strength of the fibre reinforced concrete mixes with 
50% and 100% substitutions of coarse natural aggregates with RCA. The ranges of 16.1-41.6 
MPa and 13.9-38.1 MPa were for mixes with W/B ratio of 0.4 under wet and dry curing 
regimes, respectively (Fig. 3). Fig. 4 shows that the corresponding ranges for those mixes 
with W/B ratio of 0.55 under wet and dry curing regimes were 12.5-33.8 MPa and 10.7-28.9 
MPa, respectively. 
For W/B ratio of 0.4, the maximum and minimum strengths were obtained for NCPF-L 
and RC100-H, respectively, under different curing regimes, as shown in Figs. 3 and 4. 
Therefore, it can be stated that PF content generated a suitable cohesion within the concrete 
matrix and slightly improved the cube compressive strength, similarly to what Fallah and 
Nematzadeh [30] reported, while the substitution of natural aggregate with RCA led to 
decreasing the results of RC100-L and RC100-H due to lower mechanical strength of RCA 




mixes was slightly enhanced by decreasing the replacement level of coarse natural aggregate 
with RCA from 100% to 50% (RC50-L and RC50-H). This improvement was also observed by 
adding PF to concrete mixes with 100% substitution of RCA (RC100-L and RC100PF-H).  
The average amount of 28-day cube compressive strength was 66.8% more than that at 5 and 
7 days. The corresponding value at 56 days was averagely obtained 20.2% more than that at 
28 days. Therefore, it can be stated that in most cases, there was a remarkable enhancement 
of compressive strength for concrete mixes from early ages (5 and 7 days) to middle age (28 
days), while a slight enhancement appeared in most cases from the middle age (28 days) to 
old age (56 days).  
The results showed that the SD values of the mixes with W/B ratio of 0.4 were found to be 
nearly the same as those with W/B ratio of 0.55. This can be owing to the fact that the 
superplasticizer was only added to concrete mixes with low W/B ratio (0.4) to improve the 
workability of concrete mixes, which led to the dissipation of cement particles from each 
other [38], and subsequently caused the cube compressive strengths to be scattered more. 
That is why the difference between the dissipation of the data of mixes with W/B ratios of 0.4 
and 0.55 was negligible. 
The average value SD was obtained 59.8% more for mixes under dry curing regime than 
those under wet curing regime. The PF content can generate the air-voids in the blends, as 
reported by Madandoust et al. [28]. By considering this, the SD values of concrete specimens 
made with PF were averagely obtained 25.2% more than those with no PF. The results 
showed that the SD values increased up to 46.8% and 89.4% by 50% and 100% replacements 
of coarse natural aggregate with RCA, respectively, which can be owing to low mechanical 
strength and quality of RCA compared to coarse natural aggregates. 
 
3.3. PLT  
The results of PLT on core specimens made with PF as well as 50% and 100% substitutions 
of coarse natural aggregates with RCA are depicted in Figs. 5 and 6. As shown in Fig. 5, the 
ranges of 2.2-3.4 MPa and 1.9-2.9 MPa were obtained for PLI values of mixes with W/B 
ratio of 0.4 under wet and dry curing regimes, respectively. The corresponding ranges for 
those mixes with W/B ratio of 0.55 under wet and dry curing conditions were obtained 1.6-
2.4 MPa and 1.3–2.1 MPa, respectively (Fig. 6). The 28-day PLI value of concrete mixes with 
W/B ratio of 0.55 (NC-H) under wet curing condition was obtained at 2.02 MPa. The 




difference can be due to the sensitivity of the core specimens to the concentrated point load. 
According to the results, the average value of PLI was 42.4% more fore mixes with W/B ratio 
of 0.4 than those with W/B ratio of 0.55.  Furthermore, the average value of PLI was 17.7% 
more for mixes under wet curing regime than those under dry curing regime. The 
corresponding value given by Madandoust et al. [9] for normal concrete specimens was 12%. 
The maximum and minimum cube compressive strengths were obtained for NCPF-L and 
RC100-H, respectively, similarly to the compression test (Figs. 5 and 6). PLI values of 
concrete mixes with PF content increased up to 18.1% due to the generation of suitable bond 
quality between cement particles and aggregates by the inclusion of PF [28]. 
Contrarily to the compression test, there was a difference among the enhancement trends 
of PLI values by increasing the age. For instance, the slope of PLI enhancement for RC50PF-
L with W/B ratio of 0.4 at old age was higher than that at an early age, while the contrary 
occurred for NC-L (Fig. 5 (b)). This can be due to the sensitivity of core specimens to the 
concentrated point load and the short size of PF in the failure zone of the PLT as shown in 
Fig. 7.  
The 28-day SD values of the control concrete specimens with W/B ratios of 0.4 (NC-L) and 
0.55 (NC-H) under wet curing regime were 0.09 MPa and 0.1 MPa, respectively. The 
corresponding values given by Madandoust et al. [9] were in the range of 0.08-0.13 MPa. The 
average value SD was obtained 33.8% lower for mixes under wet curing regime than those 
under dry curing regime. The SD values of concrete mixes with PF content were averagely 
obtained 30.1% more than those with no PF content. The corresponding value in the 
compression test was obtained at 25.2%. Therefore, the use of PF in the concrete mixes 
caused to slightly dissipate the data more in the PLT than in the compression test. PF content 
slightly dissipated the data in the PLT more than that in the compression test. There are two 
explanations for this difference. First, there was a limited contact surface between the core 
specimen and load cell in the PLT, where the load was applied to the concrete specimen only 
via two concentrated point loads as shown in Fig. 7. Second, the length of PF is short and, in 
some cases, it cannot effectively bridge the micro-cracks in the failure zone of core 
specimens in the PLT (Fig. 7), leading to more dissipation of the data. A similar study on the 
microstructure analysis of PRAC by Acka et al. [39] showed that by increasing the 
substitution level of coarse natural aggregate with RCA, the void content increased and 
debonding was observed on PF. This made the core specimens sensitive to air-voids 
generated by PF in the failure zone and subsequently scattered data more in the PLT. 




and 100% replacements of coarse natural aggregate with RCA, respectively.  
  
3.3.1. Variation of cube compressive strength and PLI 
Strength correlations between PLI and cube compressive strength are shown in Fig. 8 and 
their one variable equations for low and high W/B ratios are presented in Table 4. The values of 
coefficient of determination (R2) were obtained greater than 0.72 (see Table 4), indicating a 
strong correlation between the PLI and cube compressive strength. The slopes of different 
correlation curves were found to be nearly similar to each other. However, there was a 
remarkable difference between the correlation curves of mixes made with W/B ratios of 0.4 
and 0.55 (Fig. 8). Therefore, it can be stated that strength correlations were effectively 
dependent on the W/B ratio of concrete mixes to achieve reliable equations between the PLI 
and cube compressive strength. This difference showed that the amount of water remarkably 
affected the cohesion and bond quality between PF and the concrete matrix, particularly in 
the failure zone of the PLT (Fig. 7) owing to the short and small size of PF. 
 
3.4. Schmidt rebound hammer test 
The results of the Schmidt rebound hammer test on core specimens made with PF and 50% 
and 100% substitutions of coarse natural aggregates with RCA are shown in Figs. 9 and 10. As 
shown in Fig. 9, the ranges of 12.5-34.2 and 11.1-28.2 were obtained for mixes with W/B 
ratio of 0.4 under wet and dry curing regimes, respectively. According to Fig. 10, the 
corresponding ranges for those mixes with W/B ratio of 0.55 under wet and dry curing 
conditions were obtained 9.3-25.9 and 8.5-21.2, respectively (Fig. 10). For the W/B ratio of 
0.4, the 28-day rebound numbers of concrete mixes with no RCA (NC-L) and with 50% 
incorporation of RCA (RC50-L) under wet curing conditions were obtained at 26.4 and 23.9, 
respectively. The corresponding values given by Kazemi et al. [3] for concrete mixes with no 
RCA and with 70% incorporation of RCA were equal to 25 and 22, respectively. So, the results 
of this study were found to be nearly the same as those reported by Kazemi et al. [3]. The 
average amount of rebound numbers was obtained 32.3% more for mixes with W/B ratio of 
0.4 than those with W/B ratio of 0.55.  Furthermore, the rebound number of mixes under wet 
curing regime was averagely obtained 14.4% more than that under wet curing regime. 
The average rebound numbers of concrete mixes with 50% and 100% replacements of 




mix. It can be stated that old mortar adhered to RCA as well as micro-cracks and porosity 
generated in this aggregate led to decreasing the quality and mechanical strength of recycled 
coarse aggregate [40] as shown in Fig. 11. Regarding this, another study at the microscopic scale 
by Das et al. [28] revealed that the old mortar, adhered to RCA, had higher air content, leading 
to decreasing the compressive strength of recycled aggregate concrete. PF resulted in 
increasing the rebound number of concrete mixes up to 3.5%. Therefore, the addition of PF at 
0.1% by volume slightly enhanced the mechanical strength of mixes, similarly to what was 
obtained in the compression test.       
In the Schmidt rebound hammer test, for the W/B ratio of 0.4, the SD values of mixes with 
50% substitution of coarse natural aggregate with RCA under different curing conditions at 
28 days were in the range of 1.2-1.4. The corresponding values given by Kazemi et al. [3] for 
mixes with 70% substitution of coarse natural aggregate with RCA were in the 1.4-1.6 range. 
The SD values under dry curing regime were averagely about 18.9% more than those under 
wet curing regime. Meanwhile, the SD values of mixes made with PF were averagely 
obtained 23.2% more than those with no PF, which can be attributed to the generated air-
voids in mixes by the inclusion of PF as reported by Madandoust et al. [29]. The SD values of 
concrete mixes increased up to 44.4% and 85.5% by 50% and 100% replacements of coarse 
natural aggregate with RCA, respectively. Therefore, the low quality of RCA owing to the 
adhered old mortar and generated micro-cracks and porosity in the surface of this aggregate 
(Fig. 11) led to more dissipation of rebound numbers. 
 
3.4.1. Variation of cube compressive strength and rebound number 
Strength correlations between the rebound number and cube compressive strength are 
shown in Fig. 12 and their one variable equations for low and high W/B ratios are presented in 
Table 4. The values of coefficient of determination (R2) were obtained greater than 0.97 (see 
Table 4). As depicted in Fig. 12, similar trends were obtained for different correlation curves 
between the rebound number and cube compressive strength. In addition, the correlation curves 
of mixes made with W/B ratio of 0.4 were found to be near to those with W/B ratio of 0.55, 
contrarily to what occurred for the correlation curves of PLI and cube compressive strength (Fig. 
8). 
 




To draw a reliable two-variable equation for the strength estimation of mixes, the 
combination of rebound numbers and PLI values was used. The total number of data was 
equal to 96 for each test. Among these, 84 data were randomly chosen and then they were 
introduced to the SPSS software to draw the two-variable equation. Later on, the remaining 
data (12 data) were used to assess the reliability of the aforementioned equation as shown in 
Table 3. The proposed equation with the coefficient of determination (R2) of 0.98 is presented 
in Eq. 1, where the RN is the rebound number. 
  
  fc = -0.414 PLI + 1.304 RN +1.678                    (R2 = 0.98)                                                      (1) 
 
The cube compressive strength of concrete mixes estimated by one-variable equations of 
PLT and Schmidt rebound hammer were compared to that of the two-variable equation, and 
the percentages in parentheses, presented in Table 3, express the differences between them. 
The one-variable equations were obtained using correlation curves shown in Figs. 8 and 12. 
The maximum difference of 7.9% was observed between the rebound number and the 
measured compressive strength (Table 3). The corresponding difference given by Kazemi et 
al. [3] only for the recycled aggregate concrete was 10%. As seen in Table 3, the highest 
difference between the data of the compression test present and PLT was 38.1%. However, 
the highest difference of 7.4% was observed between the data of the compression test and 
that obtained by the two-variable equation. So, the estimated cube strengths by the two-
variable equation were more reliable than those by one-variable equations. Generally, it was 
required to separately obtain one-variable equations for each mixture using the correlation 
curves shown in Figs. 8 and 12 to determine the compressive strength of concrete, while the 
two-variable equation can be used for all mixes including coarse natural concrete, recycled 
aggregate concrete and PRAC under wet and dry curing regimes at early and old ages. 
Therefore, the reliability of two-variable equation between PLI and rebound number was 
found to be more than that of one-variable equations to reliably determine the in-situ strength 
of the mixes at the building site. 
 
4. Conclusion 
The present study proposed a method for estimating the in-situ strength of coarse natural 




the combination of two test methods. According to the laboratory study, the following 
conclusions can be drawn: 
 The average strength of mixes cured under wet curing condition was obtained to be 
13.8% more than that cured under dry curing condition. The corresponding value 
was 28.4% more for mixes with W/B ratio of 0.4 than mixes with W/B ratio of 
0.55. 
 For W/B ratio of 0.4, the highest and lowest values of cube compressive strength 
were obtained for NCPF-L and RC100-L, respectively. For W/B ratio of 0.55, 
NCPF-H and RC100-H obtained the highest and lowest cube compressive strength, 
respectively, similarly to what occurred in the PLT and Schmidt rebound hammer 
test. 
 Similarly to the Schmidt rebound hammer test, in most cases, there was a 
remarkable enhancement of cube compressive strength for concrete mixes from 
early ages (5 and 7 days) to middle age (28 days), while a moderate enhancement 
appeared in most cases from the middle age (28 days) to older age (56 days). 
However, the sensitivity of the core specimens to the concentrated point load and 
the short size of PF in the failure zone of the PLT caused to appear a difference 
among the enhancement trends of PLI values by increasing the age. 
 In the compression test, the use of superplasticizer in mixes with W/B ratio of 0.4 
increased the SD values. Therefore, the SD values of mixes with W/B ratio of 0.4 
were found to be nearly the same as those with W/B ratio of 0.55. Meanwhile, the 
results dissipated 59.8% more under dry curing regime than under wet curing 
regime. In addition, the SD values increased up to 46.8% and 89.4% by 50% and 
100% replacements of coarse natural aggregate with RCA, respectively. 
 In the PLT, the inclusion of PF led to the dissipation of PLI values 30.1% more. 
The corresponding value in the compression test was obtained at 25.2%. Therefore, 
the use of PF in the concrete mixes caused to slightly dissipate the data more in the 
PLT than in the compression test. PF content increased the rebound number of 
concrete mixes up to 3.5%. Therefore, this content slightly improved the mechanical 
strength of concrete mixes, similarly to what was obtained in the compression test. 
 The amount of water remarkably affected the cohesion and bond quality between 
PF and the concrete matrix, particularly in the failure zone of the PLT. Therefore, 




concrete mixes made with W/B ratios of 0.4 and 0.55. 
 The measured compressive strength was different from the estimated compressive 
strength using Schmidt rebound hammer and PLT up to 7.9% and 38.1%, 
respectively. However, the corresponding difference between the compression test 
and the strength estimated by the two-variable equation was 7.4% at the most. So, 
the reliability of the two-variable equation between PLI and rebound number was 
found to be more than that of one-variable equations to effectively determine the 
in-situ strength of the mixes including coarse natural concrete, recycled aggregate 
concrete, and PRAC under different curing regimes at early and old ages. 
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    (a)                                                           (b) 
Fig. 3. Results of the compression test for mixes with W/B ratio of 0.4 under wet curing regime 
























































































   
       (a)                                                             (b) 
Fig. 4. Results of the compression test for mixes with W/B ratio of 0.55 under wet curing 























































































(a)                                                                     (b) 
Fig. 5. PLI values of concrete specimens with W/B ratio of 0.4 under wet curing regime (a) 





































































(a)                                                                  (b) 
Fig. 6. PLI values of concrete specimens with W/B ratio of 0.55 under wet curing regime (a) 
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Fig. 8. Variation of cube compressive strength and PLI for recycled and natural aggregate 

























































     (a)                                                                           (b) 
Fig. 9. Rebound numbers of mixes with W/B ratio of 0.4 under wet curing regime (a) and dry 






































































(a)                                                                               (b) 
Fig. 10. Rebound numbers of mixes with W/B ratio of 0.55 under wet curing regime (a) and 





































































                                                                                
























Fig. 12. Variation of cube compressive strength and rebound number for recycled and natural 


























































Table 1. Chemical properties of cement. 






































Gravel    







0.8    691.6 0 988 0.4 440 - N1C-L2 
0.8    691.6 0 988 0.4 440 0.1 NCPF-L 
0.8 691.6 494 494 0.4 440 - R3C50-L 
0.8 691.6 988 0 0.4 440 0.1 RC100-L 
0.8 691.6 494 494 0.4 440 0.1 RC50PF-L 
0.8 691.6       988       0 0.4 440 0.1 RC100PF-L 
-    691.6 0 988 0.55 440 - NC-H4 
-    691.6 0 988 0.55 440 0.1 NCPF-H 
- 691.6 494 494 0.55 440 - RC50-H 
- 691.6 988 0 0.55 440 0.1 RC100-H 
- 691.6           494        494 0.55 440 0.1 RC50PF-H 












                                                        
1 Natural aggregate 
2 Low W/B ratio (0.4) 
3 Recycled aggregate 




Table 3. Slump values and the measured and estimated in-situ cube strengths. 
No. Mix ID 
Slump 
(mm) 
Measured cube strength (MPa) Estimated cube strength 
 By PLT (MPa) 
Schmidt 
hammer (MPa) 
By the two-variable 
equation (MPa) 
1 NC-L (Wet) 79 19.15  24.34(27.1%)  19.9(3.9%) 20.07(4.8%) 
2 NCPF-L (Wet) 76 23.1  27.19(17.7%)  21.7(6.5%)  21.5(7.4%) 
3 RC50-L (Wet) 73 31.2  29.3(6.5%)  31.6(1.3%)  31.7(1.6%) 
4 RC100-L (Dry) 66 29.9 26(15%)  30.7(2.7%)  30.8(3%) 
5 RC50PF-L (Dry) 72 15.8 16.6(5.1%)  15.8(0%)  15.3 (3.3%) 
6 RC100PF-L (Dry) 66 17.1  16.3(4.9%)  16.2(5.6%)  16.4(4.3%) 
7 NC-H (Wet) 80 26.9  25.4(5.9%)  25.3(6.4%)  25.5(4.7%) 
8 NCPF-H (Wet) 78 27.4  26.1(5%)  27.3(0.4%)  27.3(5.5%) 
9 RC50-H (Wet) 75 29.1  29.3(0.7%)  28.8(1%)  28.6(1.8%) 
10 RC100-H (Dry) 66 12.3  11.4(8.8%)  11.4(7.9%)  12.35(2.9%) 
11 RC50PF-H (Dry) 74 21.75  17.5(24.3%) 21.65(0.5%) 21.3(2.1%) 




















Table 4. The proposed one-variable equations.  
No. Mix ID 
Relationship between cube 
compressive strength and PLI 
Relationship between cube compressive 
strength and rebound number 
Proposed equations R2 Proposed equations R2 
1 NC-L (Wet) fc = 3.9914PLI1.9735 0.79 fc = 1.5155RN0.9543 0.98 
2 NCPF-L (Wet) fc = 3.8154PLI1.9995 0.78 fc = 1.5846RN0.9428 0.98 
3 RC50-L (Wet) fc = 4.4457PLI1.9132 0.79 fc = 1.4777RN0.9653 0.98 
4 RC100-L (Dry) fc = 3.3707PLI2.2598 0.79 fc = 1.314RN1.0034 0.98 
5 RC50PF-L (Dry) fc = 4.1716PLI1.9769 0.8 fc = 1.6277N0.9442 0.99 
6 RC100PF-L (Dry) fc = 3.5003PLI2.1881 0.74 fc = 1.4532RN1.9734 0.98 
7 NC-H (Wet) fc = 6.1772PLI2.0121 0.78 fc = 1.6646RN0.9258 0.97 
8 NCPF-H (Wet) fc = 6.3135PLI1.9252 0.76 fc = 1.5737RN0.9482 0.99 
9 RC50-H (Wet) fc = 6.7187PLI1.9029 0.78 fc = 1.4321RN0.9824 0.98 
10 RC100-H (Dry) fc = 6.5212PLI2.0608 0.74 fc = 1.1818RN1.0566 0.97 
11 RC50PF-H (Dry) fc = 5.9802PLI2.0912 0.82 fc = 1.6069RN0.9468 0.99 
12 RC100PF-H (Dry) fc = 5.7032PLI2.27 0.72 fc = 1.4574RN0.9842 0.98 
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